Quantifying the effects of scale and heterogeneity on the confined strength of micro-defected rocks by Stavrou, A & Murphy, W
This is a repository copy of Quantifying the effects of scale and heterogeneity on the 
confined strength of micro-defected rocks.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/125832/
Version: Accepted Version
Article:
Stavrou, A and Murphy, W orcid.org/0000-0002-7392-1527 (2018) Quantifying the effects 
of scale and heterogeneity on the confined strength of micro-defected rocks. International 
Journal of Rock Mechanics and Minings Sciences, 102. pp. 131-143. ISSN 1365-1609 
https://doi.org/10.1016/j.ijrmms.2018.01.019
Crown Copyright © 2018, Elsevier. This manuscript version is made available under the 
CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long 
as you credit the authors, but you can’t change the article in any way or use it commercially. More 
information and the full terms of the licence here: https://creativecommons.org/licenses/ 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 
Quantifying the effects of scale and heterogeneity on the 
confined strength of micro-defected rocks 
A. Stavrou1,2 and W. Murphy2 
1. Arup, 13 Fitzroy Street London W1T 4BQ United Kingdom. 
2. School of Earth and Environment, University of Leeds, Leeds. LS2 9JT. 
ABSTRACT 
Rock block strength is one of the predominant factors controlling rock mass behaviour and 
the response of the structural elements used as rock reinforcement. In uniaxial compression, the 
strength of rock blocks has been shown to be size dependent but due to practical difficulties in 
performing large-scale triaxial compression tests it is very difficult to quantify their in-situ confined 
strength. For that reason, a numerical study was performed to develop a framework for estimating 
the confined strength of rock blocks considering scale effects and in-situ heterogeneity (i.e. intensity 
of structural microdefects and degree of weathering). Grain boundary models using the Voronoi 
tessellation scheme within UDEC have been used to simulate the results of small (lab) and large 
(field) scale compression (unconfined and triaxial) and indirect tensile (Brazilian) tests on a series of 
progressively larger in size and degrading in quality numerical specimens. Accordingly, relationships 
that link rock block strength with its volume and in-situ condition were developed for the 
preliminary estimation of scaled Mohr-Coulomb and Hoek-Brown parameters. 
The results from the scaling analysis generally suggest that cohesion decreases with both 
increasing scale and degrading sample condition in a manner similar to the scale/condition 
dependant reduction of uniaxial compression strength (UCS), while the friction angle shows only 
minor variation with no apparent trend. The measured peak confined strength values were also 
fitted to the Generalized Hoek-Brown criterion and a new block-scale Geological Strength Index 
parameter is introduced named micro GSI (mGSI) which was also linked to the scale/condition 
dependant reduction of UCS. By using the proposed linear and non-linear approaches, once the UCS 
reduction due to scaling effects is known, the confined strength of rock blocks could be then defined 
and can be used to carry out preliminary rock engineering calculations and especially to run 
discontinuum numerical models where rock blocks are simulated explicitly and represent an 
essential element of the analysis. 
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1. INTRODUCTION 
In rock engineering the performance of a jointed rock mass and the interactions with rock 
reinforcement elements are controlled by the strength and structural pattern of discontinuities and 
the strength of rock blocks between the fracture networks. There is a recognised problem associated 
with upscaling the results of small-scale tests on both rock joints and rock blocks. This challenge in 
assigning parameters for use in rock engineering design and numerical modelling is made more 
difficult by the limited availability of large-scale tests and the practical difficulties in attempting to 
investigate the confined strength of larger rock block volumes. Therefore, this has historically been 
treated by using empirical relationships between lab scale samples and representative sizes of blocks 
or discontinuities, field observations and more recently by sophisticated synthetic rock mass 
modelling techniques1. 
If we exclude the cases where a rock mass can be represented as an equivalent continuum 
medium (c. 20% of cases) due to the high density or absence of fractures relative to the size of the 
excavation, it is clear that rock blocks and joints must be treated explicitly and a reasoned attempt 
to upscale their strength from small sample to field scale is required2. 
While there are upscaling relationships for rock joints (e.g.3), the options available to scale 
the strength of rock blocks are more limited (see4). Generic relationships that correlate the confined 
strength of rock blocks according to their size and in-situ condition are not comprehensively 
available in the technical literature, due to challenges associated with performing large-scale triaxial 
compression tests on large scale rock block volumes. For that reason, a series of small and large-
scale micromechanical numerical simulations of standard tests (i.e. uniaxial/triaxial compression and 
indirect tensile strength) have been conducted within UDEC to establish a methodology for 
estimating the confined strength of rock blocks based on their volume and in-situ condition (i.e. 
degree of heterogeneity and alteration). Accordingly, relationships that link rock block strength with 
its volume and in-situ condition were developed for the preliminary estimation of scaled Mohr-
Coulomb and Hoek-Brown parameters for use in discontinuum numerical modelling and rock 
engineering design calculations.  
Given that the block scaling effects and the variable strength of defected and non-defected 
rock blocks is one of the predominant factors controlling rock mass behaviour5, the extend of the 
disturbed zone around an excavation6 and the response of the structural elements used as support7,  
the overall aim of this paper is to contribute towards a more precise prediction of rock mass 
strength. 
2. ROCK BLOCK SCALING EFFECTS 
It has been proven experimentally that the uniaxial compressive strength (UCS) of intact rock 
decreases with increasing sample size8. This has been attributed to the increased heterogeneity in 
rock as a function of volume and the greater probability of microdefects to allow unstable crack 
propagation9. This argument coincides with the statistical theory of10 which ascribes failure to the 
increased population of randomly distributed structural flaws. In contrast, some other researchers11 
have linked the complex size-dependent strength reduction to the combined effect of increased 
volume and the elevated strain energy that is stored in larger samples. Finally, Carpinteri12 proposed 
that strength size effects are related to the geometrical multifractality of the fracture surfaces. 
Regardless of which model is accepted, the fact that larger rock blocks have observably smaller 
strengths than a smaller block in the same material has been established, although some exceptions 
have also been reported13. The inverse relationship between strength and size is more pronounced 
in materials associated with brittle behavior and appears to disappear in comparatively ductile 
materials. Equally in higher confining pressure tests the block size effect decrease or even vanish14,15. 
This likely to be an effect of closure of defects that control strength at low confining pressures. 
The scale-effect relationship between strength and specimen size has been validated 
through laboratory and in-situ tests for a wide range of lithological formations and several empirical 
and theoretical expressions have been proposed in the past in order to quantify this relationship 
(inter alia16 ?19. 
The majority of experiments investigating scaling effects were performed under unconfined 
compression conditions, therefore existing scale-effect relationships are limited to the prediction of 
the UCS. The most widely utilised size-effect relationship was proposed by Hoek and Brown20, who 
compiled and analysed published laboratory test data and suggested a power law function as 
follows, 
ߪ௖ௗ ൌ  ߪ௖Ǥହ଴ ൬ ݀ ? ?൰ି଴Ǥଵ଼ (1) 
where ߪ௖Ǥହ଴is the UCS of a 50 mm diameter cylindrical sample and ߪ௖ௗ is the UCS of a specimen with 
a diameter ݀ between 10 and 200 mm. 
The dataset used by Hoek and Brown20 illustrates that the rock strength reduction due to 
scale effects is limited by an asymptotic constant value of approximately 0.8. However, these data 
represent homogeneous samples and in this respect, Equation 1 is likely to over-predict the strength 
of samples which contain microdefects or influenced by weathering21,22. In addition, Equation 1 is 
applicable only for samples with diameter less than 200 mm and is only representative of medium to 
very strong rocks (UCS between 25-250 MPa). 
In the absence of an universal strength-size law that has the ability to incorporate the 
variability of the in-situ block conditions (e.g. lithology, intensity of structural microdefects and 
degree of weathering) over a wide range of unjointed specimen sizes and shapes, Yoshinaka et al.23 
derived an expression that utilises an equivalent length, ݀௘ ൌ ܸଵȀଷ, and an exponent, ݇ ൌ  ?Ȁ ,݉ as 
follows, ߪ௖ߪ௖Ǥ଴ ൌ  ൬ ݀௘݀௘଴൰ି௞ (2) 
where ݉ is a material constant and ݀௘଴ = 62.6 mm is the equivalent length of a specimen with a 
diameter of 50 mm and a ratio length to diameter equal to 2.5. 
This expression ĨŽůůŽǁƐ ƚŚĞŐĞŶĞƌĂů ĨŽƌŵŽĨ ƚŚĞ,ŽĞŬĂŶĚƌŽǁŶ ?ƐĞƋƵĂƚŝŽŶďƵƚ ŝƐƵƐŝŶŐĂ
variable exponent ݇ and an equivalent length in order to capture the strength-scale effects for a 
wide range of lithologies, conditions and specimen geometries. Based on data from both laboratory 
and in-situ experiments, it was suggested that the exponent ݇varies substantially with rock type, 
strength and material micro-structural heterogeneity and lies between 0.1-0.3 for homogeneous 
strong rocks with UCS between 25-250 MPa; between 0.3-0.9 for highly weathered and/or severely 
microflawed rocks and between 0.0-0.5 for weak rocks with a UCS between 0.5-25 MPa (Figure 1). 
From the graph shown in Figure 1, an equivalent length (ൎ 200-250 mm) can be reached 
beyond which the scale effects become much less pronounced and the strength becomes 
independent of the specimen size and the density of defects. That critical size, is commonly referred 
as Representative Elementary Volume (REV) and is the minimum volume needed to evaluate the 
scale effects on intact rock strength8. The strength of a material with dimensions equal to the REV 
can have a minimum asymptotic value as low as about 20% of the strength measured at standard 
small-scale laboratory specimens. 
  Figure 1. Scale effect relations for intact rock UCS proposed by Yoshinaka et al.23 for sample 
dimensions 50 x 125 mm. The relation of Hoek and Brown20 is also shown for comparison (after21). 
3. NUMERICAL MODELLING APPROACH 
3.1. UDEC micro-mechanical Damage Model 
In order to develop a relationship between block size, rock in-situ conditions and strength, a 
numerical scaling approach was followed by using the Universal Distinct Element Code (UDEC) 
version 6.0 available from Itasca Consulting Group, Inc. 
Typically, a rock block in UDEC is represented as a continuous deformable medium that 
indirectly mimics damage according to a chosen constitutive law. However, by using the Voronoi 
Tessellation Generator, a rock block can be represented as a packing of randomly-sized rigid or 
deformable polygonal sub-blocks which are bonded together at their contacts24,25. The UDEC 
Voronoi model is often referred as UDEC Damage Model (DM) or Grain based Model (GBM) and 
represents a valuable numerical tool to build the micro-structure of rock and thus to investigate the 
fundamentals mechanisms of progressive damage26,27. Based on this capability, the UDEC-DM is 
classified as a direct modelling technique in which the randomly-sized cemented polygons are linked 
to the grain-interface or grain cementation properties of crystalline and sedimentary rocks28,29. The 
major advantage of the GBM direct logic against the indirect continuum modelling approach is the 
explicit generation and propagation of both micro-fractures and macro-fractures and that relatively 
simple constitutive behavior can closely resemble naturally occurring failure processes by avoiding 
the application of complex constitutive laws30. 
3.2. UDEC-DM Mechanical Behaviour 
In a UDEC-DM the rock material is treated as an assembly of glued structural units 
interacting at their boundaries29. These polygons can be assumed to represent mineral grains while 
their boundaries can be considered as flaws. Pre-existing cracks can also be incorporated either by 
the assignment of specific properties across the Voronoi grains or by the generation of micro-joints 
within the Voronoi skeleton25,31. Because it is known that the size and size distribution of grains and 
flaws influence strength32, it is critical that the model resolution is sufficient enough to replicate the 
material behaviour and the anticipated failure mechanisms24,28,33. The mechanical behaviour of a 
UDEC Voronoi model is therefore governed by the grain-cement micro-properties and the packing 
arrangement of the grains. The Voronoi micro-mechanical properties (see Table 1) refer to the 
deformability properties of the Voronoi sub-blocks together with the strength and stiffness 
parameters of the contacts that separate them. 
Table 1. UDEC Voronoi micro-properties 
zŽƵŶŐ ?ƐDŽĚƵůƵƐ ܧ௠ Voronoi block elastic properties WŽŝƐƐŽŶ ?ƐZĂƚŝŽ ݒ௠ 
Normal Stiffness  ݇௡ Voronoi contact elastic properties 
Shear Stiffness  ݇௦ 
Cohesion*  ܿ௠ 
Voronoi contact strength properties Friction Angle*  ߮௠ 
Tensile Strength*  ݐ௠ 
*both peak and residual properties 
The Voronoi sub-blocks are assumed to represent an equivalent elastic continuum which is 
sub-divided with triangular shaped finite difference zones. As a result, plastic deformation and slip or 
separations (i.e. damage) are confined only along the boundaries between the micro-blocks, which 
represent the location of potential failure paths (i.e. fractures).  
  
The Voronoi contact behaviour will obey a linearly elastic-perfectly plastic model. The 
deformability of the contacts in the normal and shear directions is represented by normal (݇௡) and 
shear (݇௦) stiffnesses respectively. The shear strength of the Voronoi joints follows the MC plasticity 
criterion, by a combination of contact cohesion (ܿ௠) and friction angle (߮௠), and the tensile yield is 
evaluated based on a limiting tensile strength (ݐ௠). Once a force exceeds either in shear or in tension 
the strength of a contact, a displacement-softening procedure is followed and the shear/tensile 
strengths decrease to a residual value34. Figure 2 illustrates the UDEC Voronoi assembly micro-
properties and constitutive contact behaviour. 
 Figure 2. Structure, micro-mechanical properties and constitutive behaviour of UDEC-DM model. 
When a perturbation is induced by the application of a load, a series of mechanical 
interactions occur between the Voronoi sub-blocks which lead in the development and transmission 
of contact forces, the generation of a complex heterogeneous stresses and eventually the motion 
and disturbance of the system. If the induced contact forces acting on and along between grain 
boundaries exceed their tensile or shear strength, the bond between the grains break and a 
compression-induced tensile or sliding crack is initiated24. Redistribution of forces may then trigger 
stress localisations and adjacent joint breakage which, in turn, can induce microcrack propagation, 
interaction and the eventual generation of macroscopic failure bands28. In this way, the GBM model 
allows the realistic fracturing of the intact rock by following the widely accepted gradual failure 
processes and replicates realistically the fundamental role of micro-scale tensile or extensional 
damage in the development of macro-fractures30. 
4. ROCK BLOCK SCALING METHODOLOGY 
4.1. General Approach 
Several numerical investigations have been conducted to study the influence of scaling 
effects on defected and non-defected rock blocks1,21,22,30,33,35 ?39. A series of progressively larger 
micro-mechanical models were generated in UDEC and then, a series of simulated uniaxial, triaxial 
and indirect tensile (Brazilian) compression tests were conducted to replicate the results of small 
(lab) and large (field) scale testing and subsequently to determine the relationship between size, 
quality and strength mechanical properties (both equivalent MC and HB). 
The strength scaling analysis followed three steps: 
Step 1: Estimation of typical laboratory scale macro-mechanical properties to be used as target 
values for the calibration of laboratory scale UDEC-DMs. 
Step 2: Generation of standard laboratory size samples and simulation of standard laboratory scale 
tests. At this stage, the micro-mechanical properties of the GBM were calibrated via parametric 
analysis against the target macro-properties determined in the previous step.  
Step 3: Large size UDEC-DMs were created for the simulation of large-scale testing. The micro-
properties of the large GBM were initially calibrated to match a set of target uniaxial and tensile 
strength properties that were obtained by scaling down the strength properties of the intact rock 
samples considering the relation proposed by Yoshinaka et al.23. Then, a series of large triaxial tests 
were performed to calculate the scaled MC and HB failure parameters. 
4.2. Intact Rock macro-mechanical Properties 
Two unconfined compressive strength values; 25 and 200 MPa, were selected to 
characterise the strength of two laboratory scale samples. These two end members cover the range 
of rock materials found by Yoshinaka et al. (2008) and others to be severely influenced by strong 
strength-scaling effects. Their macro-strength failure envelopes were determined by fitting the HB 
failure surface over a limited range of confining pressures (i.e.  ?чߪଷᇱ  чh^ ? ?0). The generalised HB 
failure criterion40 is described by: 
ߪଵᇱ ൌ ߪଷᇱ ൅ߪ௖௜ ቆ݉௜  ߪଷᇱߪ௖௜ ൅ ݏቇ௔ (3) 
where ߪଵᇱ  and ߪଷᇱ  are the major and minor effective principal stresses at failure, ߪ௖௜is the UCS of the 
intact rock and ݉௜ and ݏ are material constants, where ݏ = 1 and ܽ = 0.5 for intact rock. The failure 
envelopes were constructed by using the ߪ௖௜values of 25 and 200 MPa and by assuming a HB 
constant ݉௜ equal to 10 and 30 respectively. 
Equivalent MC angles of friction (߮) and cohesive strengths (ܿ) were estimated by fitting a 
mean straight line to the non-linear curve defined by Equation 3. A secant envelope was defined by 
the peak strength ߪ௙ and for confinements in the range  ଴ܲ (0 MPa) to  ଵܲ (ߪଷᇱ  = UCS/10) via, 
ఝܰ  ൌ ߪ௙ሺ ଵܲሻ െ ߪ௙ሺ ଴ܲሻ ଵܲ െ  ଴ܲ  (4) 
while the friction angle (߮) and cohesion (ܿ) were obtained using28, 
߮ ൌ ିଵ ቆ ఝܰ െ  ?ఝܰ െ  ?ቇ (5) ܿ ൌ  ߪ௖௜ ?ඥ ఝܰ (6) 
The tensile strength ߪ௧ was determined by using a relationship between the tension cutoff (defined 
by the ratio ߪ௖௜/ȁߪ௧ȁ) and the HB parameter ݉௜ as follows41, ߪ௖௜ȁߪ௧ȁ  ൌ  ?Ǥ ? ?൅  ?Ǥ ? ௜݉ 
(7) 
Finally, ĂWŽŝƐƐŽŶ ?ƐƌĂƚŝŽ ?ݒ௜, equal to 0.25 was assumed for both samples and the associated intact 
ƌŽĐŬzŽƵŶŐ ?ƐŵŽĚƵůƵƐǀĂůƵĞƐ ?ܧ௜, were derived based on the following empirical relationship42,  ܧ௜  ൌ ܯܴߪ௖௜ 
(8) 
where ܯܴ is the modulus ratio, assumed to be equal to 400. 
Table 2 lists the intact rock macro-mechanical properties of both samples No.1 and No.2 
(hereafter referred to as "weak" and "strong" samples) respectively. Although strength scale effects 
for samples with UCS less than 25 MPa have been generally found to be insignificant, the behaviour 
of the chosen samples can be extrapolated to lower strength categories only in the case were 
significant evidence of scale effects have been found for the rocks under consideration. 
Table 2. Lab scale Intact Rock Macro-properties. 
Property Units 
Sample 
No.1 "weak" No.2 "strong" 
UCS ߪ௖௜ MPa 25 200 
Modulus Ratio ܯܴ - 400 400 
zŽƵŶŐ ?ƐDŽĚƵůƵƐ ܧ௜  GPa 10 80 
WŽŝƐƐŽŶ ?ƐƌĂƚŝŽ ݒ௜ - 0.25 0.25 
HB Constants 
݉௜ - 10 30 ݏ - 1 1 ܽ - 0.5 0.5 
Secant Slope ఝܰ - 5.1 11.0 
Cohesion ܿ MPa 5.5 30.2 
Friction Angle ߮ [o] 42.4 56.4 
Tensile Strength ߪ௧ MPa 1.6 6.8 
4.3. UDEC-DM Intact Rock Calibration 
Micro-mechanical Model Description 
A rectangular 50 x 125 mm and a circular 50 mm in diameter samples (Figure 3) were 
geneterated in UDEC to simulate laboratory scale compression (uniaxial and triaxial) and tension 
(Brazilian) experiments. The grain edge length and size distribution were chosen to ensure that the 
Voronoi block mosaic does not control the formation and accumulation of macro-fractures25. The 
samples were discretised into a large number of random polygons with an average edge length 
equal to 3 mm to avoid geometry and grain size testing constraints43. The Voronoi tessellation was 
developed with a relatively non-uniform grain size distribution to mimic the internal micro-structural 
heterogeneity that is typically observed in real rocks30. 
All model simulation include two steel platens at the top and bottom of the samples. A 
constant velocity was applied in the y-direction at the upper platen while the lower platen was fixed 
in both the x- and y-directions. An axial loading velocity of 0.01 ms-1 (i.e. loading rate) was applied to 
the top platen in both the compression and tension tests. The loading rate was selected to ensure 
that the samples remain in a quasi-static state29. In the case of the triaxial tests, stresses were 
applied isotropically to the lateral boundaries and static equilibrium was reached prior to axial 
loading. 
For all the simulated compression tests, the axial stress was continuously recorded by the 
sum of the reaction forces along the contact between the sample and the top loading platen. The 
axial and lateral strains were monitored at several locations across the middle one-third of the 
specimens (Figure 3) and then built-in FISH functions were used to calculate average strain values. 
For the tension tests, the axial stress was defined by considering sum of the reaction forces 
that generated along an artificial joint in the middle of the upper platen. The peak axial stress was 
measured indirectly via,  ߪ௧  ൌ ௠ܲ௔௫ߨܴݐ 
(9) 
where Pmax is the maximum force recorded on the platen, R and t symbolise the radius and thickness 
of the disk specimen, where t=1 for a 2D analysis. 
In all models, when a force violates the strength of a contact segment (either in shear or 
tension), an internal plasticity flag is set to declare the irreversible plastic state of the contact,  the 
cohesive and tensile strengths are eliminated to zero (instantaneous softening) and the friction 
angle is soften to a residual value. 
 Figure 3. Layout, boundary conditions and monitoring locations (i.e. UDEC history points) of the 
compression and indirect tensile strength tests (COLOR). 
Calibration Procedure 
The micro-parameters controlling the elasticity (i.e. ܧ௠, ݒ௠, ݇௡ and ݇௦) and strength (i.e. ܿ௠, ߮௠ and ݐ௠) behaviour of the micro-block assembly were estimated following a multi-stage 
parametric analysis in which the model response was calibrated against the deformability (i.e. ܧ௜  ,ݒ௜) 
and strength (i.e. ܿ, ߮ and ߪ௧) macro-mechanical properties shown in Table 2. The trial-and-error 
calibration process followed the procedures outlined by Christianson et al.33, Kazerani and Zhao29 
and by Gao and Stead25. In summary, the following steps were followed: 
Calibration - Step 1: The macro-ŵĞĐŚĂŶŝĐĂů zŽƵŶŐ ?Ɛ DŽĚƵůƵƐ  ?ܧ௜) and WŽŝƐƐŽŶ ?Ɛ ƌĂƚŝŽ  ?ݒ௜) were 
calibrated by running a series of unconfined compression test simulations. The Young's Modulus and 
WŽŝƐƐŽŶ ?ƐƌĂƚŝŽŽĨƚŚĞŐƌĂŝŶƐǁĞƌĞŝŶŝƚŝĂůůǇĚĞĨŝŶĞĚƚŽďĞĞƋual to the macro-properties of the intact 
rock (i.e.ܧ௜ ൌ  ܧ௠ andݒ௜ ൌ  ݒ௠). The macro-WŽŝƐƐŽŶ ?ƐƌĂƚŝŽ ?ݒ௜) was then calibrated by varying the 
contact stiffness ratio݇௦Ȁ݇௡. Once the contact stiffness ratio was set, both the normal stiffness (݇௡) 
Monitoring locations 
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Axial Strain  
Lateral & Axial Strain  
50 
50 
70 
1
2
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and block deformability (ܧ௠) were altered to fit the macro-Young's Modulus (ܧ௜). In this process, the 
normal stiffness (݇௡) of the contacts was set to a factor times the deformability of the block zones 
using the following expression (Itasca, 2014),  ݇௡  ൌ ݊ ൤ܭ௠ ൅ ሺ ?Ȁ ?ሻܩ௠ ? ௠ܼ௜௡ ൨ ǡ  ? ൑ ݊ ൑ ? ? (10) 
where ܭ௠ and ܩ௠ are the bulk and shear stiffnesses of the Voronoi blocks respectively, and  ? ௠ܼ௜௡ is 
the smallest width of the zone adjoining the contact in the normal direction. 
Calibration - Step 2: The material tensile strength (ߪ௧) was calibrated by running a series of Brazilian 
disk tests with varying contact micro-tensile strength (ݐ௠).  
Calibration - Step 3: The material micro-cohesion (ܿ௠) and -friction angle (߮௠) values were 
calibrated by running a series of triaxial compression tests with increasing confining pressures in the 
ƌĂŶŐĞ  ? чߪଷᇱ  ч h^ ? ? ? ?The macro-cohesion (ܿ) was calibrated by adjusting the Voronoi contact 
micro-cohesion and then the macro-friction angle was (߮) calibrated by rescaling the Voronoi 
contact micro-friction angle. 
The micro-properties produced by the described calibration process are listed in Table 3. By 
using the calibrated properties shown in Table 3, a perfect agreement was found to the macro-
strength and -stiffness values shown in Table 2. 
Table 3. Calibrated UDEC Voronoi micro-properties. 
Property Units 
Sample 
No.1 "weak" No.2 "strong" 
Voronoi Block Elastic Properties 
zŽƵŶŐ ?ƐDŽĚƵůƵƐ ܧ௠ GPa 7.0 58.0 
WŽŝƐƐŽŶ ?ƐZĂƚŝŽ ݒ௠ - 0.25 0.25 
Bulk Modulus ܭ௠ GPa 4.7 38.7 
Shear Modulus ܩ௠ GPa 2.8 23.2 
Voronoi Contact Elastic Properties 
Normal Stiffness ݇௡ GPa/m 5500 46400 
Shear Stiffness ݇௦ GPa/m 4125 32480 
Stiffness Ratio  ݇௦Ȁ݇௡ - 0.75 0.70 
Voronoi Contact Strength Properties 
Cohesion ܿ௠ MPa 7.2 50.7 
Friction Angle ߮௠ [o] 44.0 52.0 
Tensile Strength ݐ௠ MPa 2.3 7.5 
Residual Cohesion ܿ௠௥ MPa 0.0 0.0 
Residual Friction Angle ߮௠௥ [o] 15.0 15.0 
Residual Tensile Strength  ݐ௠௥ MPa 0.0 0.0 
 Figure 4 and Figure 5 provide the stress-strain response of the calibrated models and 
present the sample damage for different confinement pressures. The white voids within the 
numerical samples represent macro-fractures which were formed as a result of grain de-bonding 
and micro-crack coalescence. The UDEC grain-based models clearly capture the fundamental 
behaviours of rocks in compression tests and prove they are capable of replicating the expected 
significant rock strengthening as a function of confinement and the transition from brittle to ductile 
behaviour from low to high confining pressures. For both the unconfined and triaxial compression 
tests, the stress-strain response of the samples show an initial linear elastic trend up to a peak stress 
value. The post-peak failure response of the specimens in uniaxial compression generally exhibits a 
rapid loss of strength while the stress-strain curves of the confined specimens pass progressively 
from a strain-softening to a strain-hardening behaviour with higher ductility as confining pressure 
increases. At low or no confinement the samples fails mainly due to axial splitting whereas at higher 
confining pressures a transition in the failure mode is observed and the models capture the 
development of typical macroscopic shear fractures and/or conjugate damage zones. 
 
 
Figure 4. Sample No.1: simulated compression tests showing the calibrated stress-strain response 
and sample damage for different confining pressures (COLOR).  
ߪଷᇱ  = 0 MPa ߪଷᇱ  = 0.5 MPa ߪଷᇱ  = 1.5 MPa ߪଷᇱ  = 2.5 MPa 
  
Figure 5. Sample No.2: simulated compression tests showing the calibrated stress-strain response 
and sample damage for different confining pressures (COLOR). 
To examine the repeatability of the target values by using the calibrated micro-parameters, 
four different Voronoi tessellations were generated for each model and all tests were repeated 
following identical procedures and boundary conditions. Figure 6 show the results in a principal 
stress space (i.e. ߪଵᇱ vs. ߪଷᇱ) and compare the peak stress values calculated from all the analyses with 
the empirical HB failure envelopes defined by Equation 3. Considering that the grain size distribution 
ŚĂƐďĞĞŶŬĞƉƚĐŽŶƐƚĂŶƚ ?ŝƚĂƉƉĞĂƌƐƚŚĂƚŶƵŵĞƌŝĐĂůƐĂŵƉůĞƐŽĨƐŝŵŝůĂƌ “ŚĞƚĞƌŽŐĞŶĞŝƚǇ ?ƉƌŽĚƵĐĞƐŝŵŝůĂƌ
results and influenced by identical failure mechanisms (i.e. extensional microcracking due to tensile 
stress concentrations along the grain boundaries). The relationship between the GBM results and 
the HB envelope clearly indicates a very good fit and gives confidence that the UDEC-DM approach is 
ߪଷᇱ  = 0 MPa ߪଷᇱ  = 5 MPa ߪଷᇱ  = 10 MPa ߪଷᇱ  = 20 MPa 
the appropriate tool to simulate realistically large-scale uniaxial/triaxial compression and tensile 
tests for the needs of the scaling analysis presented in the following section.  
 
Figure 6. HB failure envelope and UDEC-DM lab-scale results for samples No.1 (left) and No.2 (right), 
including the typical failure mechanisms observed during modelling (COLOR).  
4.4. Scaling Analysis  
The numerical modelling scaling analysis procedure included three distinct steps. 
Scaling Analysis - Step 1 
Three progressively larger samples were chosen to be simulated in compression and indirect 
tension tests. These samples were 100 x 250 mm, 200 x 500 mm and 400 x 1000 mm for the 
compression and 100 x 100 mm, 200 x 200 mm and 400 x 400 mm for the Brazilian disk tests. The 
mathematical function proposed by Yoshinaka et al.23 was adopted to predict their reduced UCS 
values under three different conditions (i.e. three different ݇ exponents 0.1, 0.3 and 0.9 in Equation 
2) based on increased likelihood of structural microdefect intensity and/or degree of weathering. 
Scaled tensile strength values were assumed to obey again on the Yoshinaka et al.23 function 
whereas the macro-stiffness values were assumed to be the same for all models because 
deformation modulus is relatively scale independent18,22,44,45. The estimated scaled uniaxial and 
tensile strength properties were utilised as target values that were calibrated for step 2. Table 4 
shows the target reduced uniaxial compressive and tensile strength values of the three progressively 
larger samples as a function of the exponent ݇ and the equivalent sample length (݀௘).  
Table 4. Target uniaxial compressive and tensile strength values used for the scaling analysis. 
  
Sample No.1 
 
Sample No.2 
Test 
width height volume ݀௘ No of 
blocks 
݇ ݇ 
mm mm mm3 mm 0.1 0.3 0.9 0.1 0.3 0.9 
U
n
ia
xi
a
l 
C
o
m
p
re
ss
io
n
 
50 125 2.5E05 62.6 761 ߪ௖௜   
MPa 
25.0 25.0 25.0 200.0 200.0 200.0 
100 250 2.0E06 125.2 2912 23.3 20.3 13.4 186.6 162.5 107.2 
200 500 1.6E07 250.4 11373 21.8 16.5 7.2 174.1 132.0 57.4 
400 1000 1.3E08 500.9 44971 20.3 13.4 3.8 162.5 107.2 30.8 
B
ra
zi
li
a
n
 50 50 4.9E04 36.6 256 ߪ௧  
MPa 
1.6 1.6 1.6 6.8 6.8 6.8 
100 100 3.9E05 73.2 926 1.5 1.3 0.9 6.3 5.5 3.6 
200 200 3.1E06 146.5 3578 1.4 1.1 0.5 5.9 4.5 2.0 
400 400 2.5E07 292.9 14173 1.3 0.9 0.2 5.5 3.6 1.0 
Scaling Analysis - Step 2 
Three progressively larger UDEC Voronoi samples were generated by keeping the same grain 
size distribution characteristics. Subsequently, several uniaxial compression and Brazilian test 
simulations were run for each sample size to calibrate the models. During the new calibration 
process, the initial calibrated Voronoi contact micro-strength properties (i.e. Table 3: ܿ௠, ߮௠ and ݐ௠ 
of models No.1 and No.2) were systematically downgraded to reach the target macro-strength 
values shown in Table 4 following a strength reduction approach.  
The different calibrated reduced properties represent indirectly the progressive elevated 
disturbance of the large samples, as inferred by the variability of the exponent ݇ in Equation 2. In 
general, it is considered impractical to attempt modelling explicitly the effect of pre-existing micro-
structural heterogeneities (e.g. pores, flaws, cavities, fissures, veins, micro-cracks) in UDEC as long as 
the overall mechanical response of the models is in agreement with the overall material behavior of 
the disturbed samples. Figure 7 shows the calibrated stress-strain curves for the experimental 
simulations while Figure 8 shows examples of the failure geometries indicated in test simulations. 
Regardless of the size and the quality of the samples, it was shown that extensional fracturing 
dominates the failure process under unconfined conditions with the formation of macro-cracks 
parallel to the direction of loading. It should also be noted that for the models that were allowed to 
run for a sufficient large number of numerical cycles, shear localization was also observed and a 
mixed axial splitting / shear banding type of failure was captured at the final stage of the analysis.   
As previously, in order to verify that the reduced micro-strength properties can reproduce 
the target macro-strength values, the tests were repeated under different Voronoi tessellations 
apart from the 400 x 1000 mm compression and 400 x 400 mm tension tests which proved to be 
excessively large and computationally demanding. It should be noted that the k = 0.9 case of the 400 
x 1000 mm size models was not calibrated as was regarded to give unrealistically low strength values 
that can be explained only by the presence of critical orientated macro-planes of weakness22,46.    
 
 Figure 7. Calibrated stress-strain response of all sample sizes for three different physical conditions 
(i.e. three different ݇ exponents 0.1, 0.3 and 0.9 in Equation 2) (COLOR). 
 
 Figure 8. Examples of macroscopic axial fractures for different sample sizes and conditions during 
the uniaxial compression tests.  
Scaling Analysis - Step 3 
Once, the micro-strength properties were calibrated to match the reduced target 
unconfined macro-strength values (see Table 4 and Figure 7), a series of large-scale triaxial tests 
were performed in the 3rd step to predict scaled linear (MC) and non-linear (HB) failure envelopes. 
These steps allowed a methodology for estimating scaled rock block failure properties based on their 
volume and in-situ condition to be established. The confining pressures used in these analyses were 
ŝŶƚŚĞƌĂŶŐĞŽĨ ?чߪଷᇱ  чh^ ? ? ?ĂŶĚidentical with those used for the calibration of the lab-scale rock 
samples.  
The increase of sample size and disturbance reveals a strong size/condition effect to the 
predicted confined peak strengths values. A review of the data suggests that the rate of confined 
strength decrease reduces with increasing confinement and increases with sample disturbance and 
size. Similarly to the lab-scale samples, macro-fracturing tends to be almost parallel with the loading 
direction (i.e. axial-splitting) at low confining pressures, while as confinement increases the failure 
modes are dominated by the formation of macroscopic shear and conjugate zones. Hence, it is once 
again verified that under different confining pressures, the triggered failure mechanisms are 
independent from the scale of the sample.  
Figure 9 exhibits the predicted scaled relationship between the predicted macro-cohesion 
and friction angle values in respect to the specimen equivalent length (݀௘). The scaling analysis 
results of both samples generally suggest that material macro-cohesion decreases with both 
increasing scale and degrading sample condition up to an asymptotic value while the macro-friction 
angle appears relatively insensitive. This behaviour is consistent with experimental findings given by 
/ů ?EŝƚƐŬĂǇĂ47, Pratt48, Tani49 and Liu50. These findings suggest that all samples have experienced the 
weakening of their cohesional component prior to the mobilisation of the frictional strength and 
that their behaviour can be captured within a Mohr-Coulomb linear logic only by a cohesion-
weakening-friction-strengthening constitutive model. A review of the scale/condition dependant 
reduction of UCS and material cohesion shown in Figure 1 and Figure 9 respectively, reveals a 
similarity in the non-linear decrease of these properties and therefore suggests that Equation 2 can 
be transformed as follows: ܿ௖ܿ௖Ǥ଴ ൌ  ൬ ݀௘݀௘଴൰ି௞ (11) 
where ܿ௖Ǥ଴is the cohesion of a standard laboratory size sample and ܿ௖ is the cohesion of specimens 
with equivalent length ݀௘. Based on this observation, it means that once the UCS reduction due to 
scaling effects has been determined and the cohesion and friction angle of the lab-scale sample have 
been estimated, the block-scale cohesion can be predicted using Equation 11 while the friction is 
suggested to remain unchanged or altered up to ±20% of the original value since exhibits no clear 
increasing or decreasing trends.  
To fit non-linear failure envelopes, all scaling analysis results were plotted in a principal 
stress space according to the numerical sample sizes (Figure 10). The recorded peak strength values 
for both the "weak" and "strong" samples display a clear pattern at each confining pressure and a 
consistent rock strengthening with increasing confinement ? ƌĞŐĂƌĚůĞƐƐŽĨ ƚŚĞƐƉĞĐŝŵĞŶ ?ƐĐŽŶĚŝƚŝŽŶ
or size. These results again indicate that the friction angle of large samples remains relatively 
unchanged while the cohesion is influenced by marked scaling and quality effects.   
 
 Figure 9. Predicted dimensionless relationships between material macro-cohesion and friction angle 
values with the specimen equivalent length. 
To derive scaled strength failure envelopes, a non-linear curve fitting process was followed 
using the Generalized Hoek-Brown criterion and the Geological Strength Index (GSI)40,51. In this 
process, the HB constant mi is systematically reduced with respect to the exponent ݇ of the 
Yoshinaka et al.23 relationship, following the percentages shown in Figure 11. In essence, the GSI 
system is utilised as a rock block (instead of rock mass) scaling parameter to reduce the strength of 
the intact rock and establish a best-fit to the dataset. However, the derived GSI values could easily 
be linked with the internal condition (e.g. micro-heterogeneity, weathering, etc.) of the large-scale 
block volumes and therefore the back-calculated GSI values can be regarded to have a real physical 
meaning to the rock block strength reduction. For this reason, to avoid confusion with terminology, 
a new block-scale GSI parameter is introduced, named micro Geological Strength Index (mGSI), 
which can be used to predict the in-situ peak confined strength of field-scale rock blocks. The mGSI 
replaces the traditional GSI parameter in the HB expressions and reflects the elevated rock block 
disturbance with increasing scale, intensity of structural microdefects and degree of weathering.  
 Figure 10. Measured peak strengths for samples No.1 "weak" and No.2 "strong" together with HB 
non-linear failure envelope fits for different physical conditions and sample sizes (COLOR).  
Figure 11 shows the calibrated mGSI values against the reduced UCS of the large-scale 
samples, as were defined by using the function proposed by Yoshinaka et al.23, normalised by their 
unconfined intact rock strength. The characteristic lab-scale UCS is advisable to be estimated from a 
sufficiently large number of experiments to capture strength variability as a result of localised 
features, damage during coring and to overcome sampling bias. The corresponding relationship to 
account the strength loss as a function of block volume and/or quality can be described by power-
law expression and is given by, ݉ܩܵܫ ൌ100 ( ఙ೎ఙ೎Ǥబ)0.021 
(12) 
From Figure 11 (or Equation 12), once the reduced UCS of the field-scale blocks is known, a 
mGSI value between 100 and 65 could be found and the in-situ confined strength of the blocks could 
be then estimated using the Generalized HB strength criterion. In the absence of large-scale 
unconfined strength tests, the user needs to decide based on geological descriptions and 
engineering judgment how much to reduce the UCS value of the large-scale blocks or to use the 
Yoshinaka et al.23 scaling approach.  
Hence, by using the proposed linear and non-linear approaches given with Equation 11 (or 
Figure 9) and Equation 12 (or Figure 11) respectively, a unique set of strength parameters that 
describe the in-situ strength of rock blocks could be defined, that can be used to carry out 
preliminary rock engineering calculations and especially to run discontinuum numerical models 
where rock block strength is an essential parameter of the analysis.  
 
 
Figure 11. Predicted relationship between mGSI ĂŶĚ ƚŚĞ h^ ƐƚƌĞŶŐƚŚ ƌĂƚŝŽ ʍc  ? ʍc.o (above) and 
percentage adjustment to the HB mi value with respect to the k exponent of the Yoshinaka et al.23 
relationship (below).  
DISCUSSION  
This study examined the effect of size and heterogeneity on the confined strength of rock 
specimens. A series of compression and Brazilian tests were run in UDEC at progressively larger in 
size and degrading in quality grain-based models in order to develop a framework for estimating the 
confined strength of rock blocks considering scale effects and in-situ heterogeneity.  
The results reveal that macro-cohesion is strongly influenced by both size and condition 
effects while the macro-friction angle shows only minor variation with no apparent trend. A 
comparison between the predicted cohesion and the scaled UCS values clearly demonstrates a 
similarity between their behaviors and appears safe to conclude that there is an inter-dependency 
between them. To our view, this is linked with the concept of cohesion loss and the delayed friction 
mobilization. Similarly to the UCS, above a critical volume the cohesion of the rock blocks becomes 
size-invariant and approaches a constant value. Consequently, knowledge of the scale/condition 
related UCS reduction can be used as a guide to define the variability of the material cohesion in 
larger block volumes while the friction angles in suggested to remain relatively unchanged. 
Analysis of the large-scale triaxial tests data shows that there is a systematic block strength 
reduction with increasing specimen volume and decreasing rock quality. The HB approach was 
adopted to estimate the reduced peak confined strength and a new mGSI parameter is proposed to 
be used in the HB expressions to fit non-linear failure envelopes with a reasonable success. The 
predicted range of the mGSI (i.e. 100-65) describes the in-situ block-scale condition of individual rock 
pieces but further research is required to rationalise the mGSI in terms of geological 
characterisations or other approaches. A simple non-linear curve was fitted to approximate the 
relationship between mGSI and the normalised UCS strength reduction. By using this relationship, 
the confined strength of blocks can be estimated provided that the UCS strength ratio ʍc  ? ʍc.o is 
known. Although appears tempting to reverse this expression (Equation 12 or Figure 11) and back-
estimate the strength reduction of the rock blocks based on known mGSI values, the development of 
a qualitative or quantitative approach similar to the known published GSI charts is not feasible at this 
stage and further research is required to establish a correlation between strength, mGSI, size and 
the internal in-situ condition of the rock blocks. Despite of these difficulties, it is to be expected that 
the increase in the intensity of structural microdefects and/or the degree of weathering (i.e. increase 
of exponent ݇ in Equation 2) will cause a reduction in the mGSI values which in turn will reduce the 
confined strength of the blocks under consideration.  
When applying the mGSI, a rock block is assumed as an equivalent isotropic medium and is 
not affected by preferential anisotropy or planes of weakness. In the case of critically orientated 
structural features, a modified HB criterion such the one proposed by Saroglou and Tsiambaos52 
should be used and then a scaling analysis could be performed to examine the effect of rock 
anisotropy in larger rock blocks.  
 
CONCLUSIONS 
Rock block strength is a significant factor controlling rock mass behaviour (i.e. deformations, 
failure modes, etc.) and rock-support/reinforcement interactions. Hence, a high degree of accuracy 
and experience is required in the estimation of rock block properties, especially when running 
discontinuum numerical models where rock masses are simulated as a system of rock blocks which 
are separated by persistent or non-persistent fracture networks.  
It is well known that the lab-scale unconfined compressive strength reduces with increasing 
sample size and that is influenced by material quality and the presence of flaws, cavities, fissures, 
veins, healed joints and micro-cracks. However, because of many uncertainties and the practical 
difficulties in performing large-scale triaxial compression tests, generic relationships that correlate 
the confined strength of rock blocks with their size and condition, even in a qualitative sense, are 
very difficult to be established and only few studies have investigated this subject (e.g.19). 
Sophisticated numerical modelling has allowed to overcome some of the practical 
limitations and is seen as the most effective tool for assessing the in-situ confined strength of rock 
blocks. Accordingly, a scaling analysis was performed in UDEC and based on our findings, 
relationships that link rock block strength with its volume and condition are proposed for the 
preliminary estimation of scaled Mohr-Coulomb and Hoek-Brown parameters.  
The proposed predictive approaches are by no means intended to replace large scale 
laboratory and in-situ testing programs, but aims to provide the engineer and numerical analyst with 
a practical design tool for the preliminary estimation of size/condition related rock block strength 
parameters that can be used in rock mechanics numerical modelling and design. The proposed 
strength relationships overcome important practical difficulties and considered as very friendly tools 
to describe the inverse confined strength relationship as a function of scale and material quality. 
While limitations exist, the methodology outlined and the results obtained are considered as a 
significant step towards the development of a rigorous approach for estimating the confined 
strength of blocks and a basis for overcoming the challenge of assigning realistic parameters for 
blocks in discontinuum models which so far is a matter of speculation.   
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